Abstract. We report on experimental study into the effects of surface acoustic waves on the optical emission of dot-in-a-nanowire heterostructures in III-V material systems. Under direct optical excitation, the excitonic energy levels in III-nitride dot-in-ananowire heterostructures oscillate at the acoustic frequency, producing a characteristic splitting of the emission lines in the time-integrated photoluminescence spectra. This acoustically induced periodic tuning of the excitonic transition energies is combined with spectral detection filtering and employed as a tool to regulate the temporal output of anti-bunched photons emitted from these nanowire quantum dots. In addition, the acoustic transport of electrons and holes along a III-arsenide nanowire injects the electric charges into an ensemble of quantum dot-like recombination centers that are spatially separated from the optical excitation area. The acoustic population and depopulation mechanism determines the number of carrier recombination events taking place simultaneously in the ensemble, thus allowing a control of the anti-bunching degree of the emitted photons. The present results are relevant for the dynamic control of single photon emission in III-V semiconductor heterostructures.
Introduction
In the last years there has been an increasing interest in the use of quantum dots (QDs) embedded in semiconductor nanowires (NWs) as single photon sources (SPSs) for applications in quantum optics [1, 2, 3, 4, 5, 6] . There are several advantages of this configuration with respect to the use of QDs in conventional planar heterostuctures. First, the wetting layer is absent in the case of NWs. Carrier leakage from the QD into the wetting layer provides an escape pathway when operating at high temperatures, and thus degrades the photon emission intensity [7] . Second, the inclusion of a single quantum emitter into a semiconductor NW strongly improves the emission efficiency and directionality, which are key requirements for long-distance quantum communications. Due to their specific geometry, semiconductor NWs guide the light from the embedded quantum emitter towards the extraction point at the top facets [8, 3, 9, 10] , thus acting as natural photonic waveguides. In addition, tapering of the top region reduces the divergence of the output beam and hence further improves emission directionality [5, 11] . Such highly directional emission is vital for efficient light collection into fibers or other optical pathways like integrated waveguides for e.g. quantum key distribution or on-chip quantum information processing. In this context, NWs offer a promising alternative to cavity-based solutions since they do not require tuning of the emitter into resonance with a cavity mode by post-growth manipulation. Third, NW heterostructures can be easily transferred from their native to a foreign substrate and, therefore, serve as fundamental building blocks for SPS integration into nanoscale optoelectronic and photonic devices [1, 12, 13, 14, 15] . Finally, an additional advantage of embedding QDs in NWs instead e.g. in quantum wells (QWs) is the small space provided by the NW geometry, which limits carrier diffusion and can consequently play an important role against the spectral diffusion of the emitted photons [16] .
Among different materials available for the growth of dot-in-a-nanowire heterostructures, those based on (In, Ga)As or In(As, P) for photon emission in the near-infrared and on (In, Ga)N for the emission in the ultra-violet and visible spectrum are specially interesting. The large surface-to-volume ratio and small nanowire-substrate interface makes III-nitride NW heterostructures especially appealing, as it enables strain-free heteroepitaxy on largely mismatched substrates. The better strain relief reduces the formation of threading dislocations and other structural defects, resulting in high structural quality and improved optical performance (very weak absorption and emission below the band-edge), which is essential for obtaining long temporal and spatial single-photon coherence. Also, III-nitride QD systems are promising for technological applications as they can sustain room-temperature stable excitons. Finally, the negligible spectral contamination arising from the yellow band emission (typically present in other GaN-based systems) allows the production of single photons in a wide range of the visible spectrum.
For NWs emitting in the infrared, the vapor-liquid-solid mechanism commonly used to grow GaAs and InP NWs typically generates structures with alternating sections of zincblende and wurzite crystal phases [17] . It has been shown that the combination of these two polytypes in a NW can lead to SPSs based on crystal phase QDs [18] . However, the presence of charge traps at zincblende-wurzite interfaces close to a quantum dot can also enhance spectral diffusion [19] , thus degrading the purity of the excitonic emission required for quantum optic applications. Improvements in the growth techniques have demonstrated, e.g., ultraclean emission of In(As, P) quantum dots embedded in defectfree wurzite InP NWs [6] .
To fully exploit all these favorable features, appropriate techniques for the control of charge carriers in semiconductor NWs are needed. Although this can be easily achieved by using electric fields, local carrier generation in a well-defined area of the NW typically requires selective doping of NW regions, as well as the deposition of electric contacts on structures with a non-planar geometry [20, 14] . These challenges can be overcome by the remote carrier control provided by surface acoustic waves (SAWs). SAWs are elastic vibrations in a solid that propagate confined to its surface [21, 22] . If the material is piezoelectric, then the vibrations are accompanied by an oscillating electric field, which extends typically a few micrometers both below and above the surface [23] . It has been shown that SAWs with wavelengths in the micrometer range are a powerful tool to confine and transport free carriers [24] , excitons [25] , spin ensembles [26] , and even to modulate exciton-polariton condensates in 2D semiconductor heterostructures below the surface [27] . In addition, SAWs have successfully been used to control optically active QDs embedded in these planar structures [28, 29, 30, 31] .
SAWs have also been employed in hybrid systems consisting of a semiconductor structure placed on an piezoelectric insulating substrate for the transport of electrically injected carriers in carbon nanotubes [32, 33, 34] and in graphene layers [35, 36, 37] . In the case of semiconductor NWs, this approach has been applied to demonstrate not only acousto-electric currents [38] , but also to locally modulate the photon emission properties of both the NW core [39] and of QDs embedded in the NW [40, 41, 42, 43] . Finally, SAW-induced transport of photo-excited electrons and holes along the axial direction of a single NW has been demonstrated [44, 45] . These results open new perspectives for the fabrication of SPSs based on the acoustic pumping of electric charges into QDs contained in semiconductor NWs. Such sources combine the high photon extraction efficiency enabled by the NW geometry with the low jitter levels and high repetition rates arising from the acoustic pumping.
In this contribution, we review our experiments on the dynamic control of the photo-emission from QD-like recombination centers embedded in III-V semiconductor NWs by SAW-induced strain and piezoelectric fields. The examples discussed here are based on two types of NWs both containing Ga and In as III-components, but a different V-element in each case. In the first one, we show that SAWs can be used to modify the photon emission dynamics of SPSs located at the top of a GaN NW. The effect is based on the acousto-mechanical coupling of the propagating SAW to the nanowire, resulting in a periodic modulation of the QD transition energies. This, combined with spectral filtering, enables the photon output to be clocked at the acoustic frequency [29] . In the second one, the SAW-induced transport of photo-excited electrons and holes in a GaAs NW into recombination centers placed at its edge acts as a source of anti-bunched photons [44] . We show that the degree of antibunching depends strongly on the SAW intensity, thus demonstrating that the number of photons simultaneously emitted is controlled by the acoustic mechanism of population and depopulation of the recombination centers.
Methods

Growth of nanowire heterostructures
Ordered GaN nanowire arrays hosting (In,Ga)N nano-disks were fabricated using a bottom-up approach by selective area growth (SAG) plasma-assisted by molecular beam epitaxy (PA-MBE) on (0001) GaN-on-sapphire templates covered by titanium nanohole masks deposited by colloidal lithography [46] . The nanowires have a typical height of ∼500 nm and a diameter of ∼200 nm. They exhibit hexagonal cross section with a truncated pyramidal top. This pencil-like morphology determines the shape of the (In,Ga)N nano-disks embedded inside the GaN nanowire tips. The (In,Ga)N nanodisks are grown with varying thickness and In compositions (up to 30 nm and ∼20%, respectively, depending on the disk region) and are capped with a 50 nm thick GaN [47] . As detailed in Refs. [48, 49] , the QD-like emission centers under study are formed by fluctuations of the In content in the topmost (In,Ga)N disk region.
The GaAs NWs were grown by molecular beam epitaxy (MBE) using a selfassisted vapor-liquid-solid growth process on a Si(111) substrate [50] . Although SAW control has also been reported in radially grown GaAs QDs [40] , this approach leads to recombination centers that are randomly distributed along the NW axis [51] . In our experiment, the (In,Ga)As recombination centers were formed at the end of the axial growth, and therefore they are confined at one of the NW edges. First, an undoped GaAs core was grown with a diameter of 106±18 nm and several micrometers in length. During the last steps of the core deposition, QD-like recombination centers were incorporated by exposing the growing surfaces to In and As fluxes. This lead to the formation of an approximately 300 nm long segment at the top of the NWs containing In inclusions. Due to the modified MBE growth conditions, the (In,Ga)As segment has a larger diameter (200 nm) and a higher density of planar defects than the GaAs section, as confirmed by transmission electron microscopy (not shown here). Next, the NWs were coated with a shell consisting of 22±9 nm AlAs and a thin GaAs layer. The final average length of the NWs is 7 µm.
Characterization of SAW delay line
Both GaN/(In,Ga)N and GaAs/(In,Ga)As nanowires were mechanically transferred to acoustic delay lines. The delay line consists of two interdigital transducers (IDTs) deposited by optical lithography on the surface of the 128
• Y-cut of a LiNbO 3 crystal see Fig. 1 (a). As LiNbO 3 is a strongly piezoelectric material, a radio-frequency (rf) signal of the appropriate frequency applied to IDT 1 is transformed into a SAW by means of the inverse piezoelectric effect. During the SAW propagation along the delay line, the strain field is accompanied by an electric field due to the direct piezoelectric effect, which transforms the SAW back into an rf signal when it reaches IDT 2 . Both the strain and piezoelectric fields can modulate the electronic band structure of the semiconductor NWs deposited on its surface. The IDTs constituting our acoustic delay lines are floating electrode unidirectional transducers [52] designed to generate multiple harmonics of a fundamental wavelength λ 1 = 35 µm. The experiments reported here were carried out using the third harmonic with λ 3 = 11.67 µm. It corresponds to a resonance band centered at frequency f 3 = 332 MHz at room temperature. Figs. 1(b) and 1(c) show the rf power reflection and transmission coefficients, s 11 and s 21 respectively, around the resonance. They were carried out with an rf connection configuration like the one used in the low temperature measurements. The frequency bandwidth (defined as the frequency range where the transmission is within 3 dB of its maximum value) of the IDTs is 3.5 MHz, and the insertion loss of the delay line (i.e. the s 21 maximum at the resonance center) is -14.6 dB for f 3 . Since the IDTs at each side of the delay line are equal, the electroacoustic conversion efficiency is simply half of the insertion loss. Therefore, for the third harmonic, the IDTs convert approximately 20% of the applied rf power into acoustic power.
Photoluminescence and photon autocorrelation measurements
The SAW delay line was mounted in a cold finger cryostat equipped with an optical window for spatially resolved micro-photoluminescence (µ-PL) measurements and with coaxial connections for the application of rf signals to the IDTs. The measurements were carried out on NWs with the growth axis almost parallel to the SAW propagation direction, cf. Fig. 1(a) . The excitation source for the GaN/(In,Ga)N NWs was a 442 nm continuous wave (cw) laser (the corresponding excitation energy was therefore below the GaN bandgap), while a 757 nm pulsed diode laser was used in the case of the GaAs/(In,Ga)As NWs. The laser beam was focused onto a single NW by a microscope objective with high magnification power (diameter of the laser spot ∼ 1.5 µm). The PL emitted by the NW was collected by the same objective and imaged on the entrance slit of a single-grating spectrometer. Time-integrated detection with ∼ 200 nm spatial and ∼ 350 µeV spectral resolution was performed by a liquid N 2 cooled charge-coupled device (CCD) camera. The polarization properties of the GaN/(In,Ga)N dot-in-a-nanowire emission were analyzed using a half-wave retardation plate and a fixed linear polarizer placed in the collection path.
For the investigation of the photon emission statistics, we first spectrally filtered the PL emitted by the QD-like centers to select an isolated emission line. This was then analyzed using a Hanbury Brown and Twiss (HBT) setup consisting of two Si avalanche photodiodes (APDs), each placed at one of the two output ports of a 50/50 nonpolarizing beam-splitter [53] . The photodetectors were connected to either the "start" or "stop" inputs of a time-correlated single photon counting (TCSPC) electronics, which delivers a histogram of the temporal distribution of coincidences between the two photodetectors. When triggered by the laser pulses, the same setup also yields time-resolved PL traces.
Experimental Results
SAW modulation of single photon emitters based on GaN/(In,Ga)N nanowires
The photoluminescence of (In,Ga)N QDs embedded into GaN NWs dispersed on the SAW propagation path was probed under direct illumination. As determined from the scanning electron microscopy (SEM) image of the probed sample region, cf. inset in Fig. 2(a) , more than one NW (typically up to 10) were optically excited by the focused laser spot. Moreover, only a small fraction of randomly dispersed nanowires showed efficient coupling to the SAW. In fact, the strongest coupling was observed in nanowires whose pyramidal tip (containing the QD-like emission centers) was in direct mechanical contact with the underlying LiNbO 3 substrate [42] . Figure 2 (a) displays the low-temperature µ-PL spectrum recorded at T=10 K on one of the probed nanowire QDs exhibiting strong electromechanical coupling to the SAW delay line. In the absence of the SAW the spectrum shows narrow PL peaks corresponding to recombination of exciton (X) and biexciton (XX) complexes. The X and XX assignment of the observed emission lines is corroborated by excitationpower dependence measurements, which present linear and nearly quadratic increase, respectively, of the integrated peak intensities with increasing optical pump power, cf. Fig. 2(b) . Additional confirmation is provided by the polarization-resolved PL measurements [54] , which show co-linear polarization of the two PL peaks with a similar polarization degree of ∼ 82%, cf. Fig. 2(c) . Such high degree of linear polarization is ubiquitous in III-nitride-based QDs and can be ascribed to the valence band mixing induced by the in-plane anisotropy of the QD shape, as well as the anisotropy of the internal strain and electric fields [55, 56] . Note also that the negative binding energy (E b XX =E X -E XX =-22.9 meV), commonly found in c-plane III-nitride QDs with inherently large built-in electric fields [57] , is indicative of a strong localizing potential counteracting the Coulomb repulsion within the four-particle biexciton complex [58, 59] .
The autocorrelation histogram of the X emission recorded at ∼ 10 K under cw optical excitation is presented in Fig. 2(d) . The histogram reveals a pronounced antibunching dip at zero-time delay (τ = 0) with the anti-bunching value of g (2) (0) = 0.07 ± 0.04 obtained after correction for finite temporal resolution of the HBT setup and the contribution of background photons (including the APDs dark counts and the contribution from additional emission centers within the detection area) [48, 49] . This value is well below the 0.5 two-photon threshold, thus proving the quantum nature of light emitted from the probed GaN/(In,Ga)N dot-in-a-nanowire.
When the SAW is applied (with a frequency f 3 = 338 MHz at low temperature) the emission spectrum undergoes an apparent splitting of the two emission lines (Fig. 3(a) and 3(b) , top panels). The observed spectral changes can be mainly attributed to the dynamic modulation of the QD energy levels induced by the deformation potential associated with the periodic SAW strain field [42] . This, in turn, causes the QD transition energies to oscillate around their equilibrium value in the absence of a SAW. In this context, the energy separation between the split doublet lines (∆E X(XX) ) reflects the difference between the transition energies at SAW phases corresponding to maximum compressive (E X(XX),max ) and tensile (E X(XX),min ) strain. The magnitude of the line splitting (i.e. ∆E X(XX) =E X(XX),max -E X(XX),min ) increases continuously with increasing the RF power applied to the IDT (Fig. 3, middle panels) . These findings indicate that the SAW can be used to fine-tune the QD emission energy within a bandwidth up to ∼1.5 meV for the highest acoustic power P rf =25 dBm. Figure 4 displays time-resolved stroboscopic µ-PL experiments synchronized with the frequency of the acoustic wave. They were performed to study the temporal evolution of light intensity emitted at different wavelengths within the SAW-split X and XX PL lines. The center and width of the spectral detection window were determined by the spectrometer grating and slits. The latter were adjusted so as to collect ∼ 20% of the peak splitting in the time-averaged PL spectra recorded on the CCD camera. The light filtered at the particular wavelength (i.e. E min , E middle and E max ) was then detected using one of the APDs from the HBT setup. The TCSPC electronics was started on a signal derived from the rf generator and stopped on a photon detection by the APD.
By collecting the photons in a narrow spectral range, the SAW-driven sinusoidal oscillations of the QD emission energy was employed to control the photon emission times. Namely, the SAW forces the QD line to move in and out the selected energy window and, consequently, causes changes in the photon count rate detected at the APD within each SAW cycle. As seen for both X and XX in Fig. 4(b) and Fig. 4(c) , respectively, light detected at the highest (E max ) and lowest (E min ) energy of the SAWinduced spectral modulation is out of phase with each other and is emitted at SAW frequency. In contrast, at central wavelength (E middle ) the emission takes place at twice the acoustic frequency, since the QD line moves past this energy twice per SAW cycle. As previously reported for III-As QDs [29] , the spectral detection filtering of the SAW-driven dynamic tuning of the QD emission energy enables the photon output to be clocked at the acoustic frequencies. Such acoustically-regulated temporal control of photon emission provides an efficient mechanism for deterministic on-demand generation of single photons without the need for a pulsed laser. By increasing the SAW frequency, high repetition rate (in the GHz range) of the emitted photons can be achieved.
SAW induced emission of anti-bunched photons in GaAs/(In,Ga)As nanowires
In addition to the local modulation of the photoemission properties, the electric potential of a piezoelectric SAW can also transport electronic carriers in low dimensional semiconductor heterostructures [24, 26] . The modulation of the electronic bandstructure by the piezoelectric potential spatially confines electrons and holes at separate positions along the SAW wavelength and transports them with the well-defined velocity of the SAW. This transport mechanism has already been used in planar heterostructures for e.g. the acoustic pumping of electrons and holes from a QW into QD-like recombination centers embedded in quantum wires [30] . The acoustic pumping mechanism can inject only one electron and one hole per SAW period and, therefore, anti-bunched photons are emitted with a repetition rate matching the SAW frequency.
The acoustic pumping of electronic carriers can also be applied to QD-like centers embedded in semiconductor nanowires [44, 45] . Here, we discuss an example realized in a single GaAs NW containing (In,Ga)As recombination centers at one of its ends [44] . Figure 5 displays a series of spatially (vertical scale) and spectrally (horizontal scale) resolved PL maps of the NW at a nominal temperature of 20 K. The electrons and holes were optically excited by a 4 µW laser beam tightly focused at the NW region whose core consists of GaAs, i.e., x = 0 at the left inset. Taking into account that the diameter of the NW core is much smaller than that of the laser spot, we estimate that the number of optically generated electron-hole pairs is less than 2000 per laser pulse. Figure 5 (a) shows a narrow spectral region between 870-890 nm including a series of spectral lines emitted by the (In,Ga)As segment in the absence of SAWs. The weak remote PL for x > 3 µm is attributed to electron-hole pairs that are either directly generated at the (In,Ga)As segment by the tail of the laser spot, or arrive to it just after laser excitation by carrier diffusion along the NW. When a SAW with frequency f 3 = 338 MHz is applied, the intensity of these emission lines initially increases with the power of the rf signal applied to the IDT [Figs. 5(b)-(d) ]. The origin of this PL enhancement is the acoustic transport of electrons and holes from the GaAs towards the (In,Ga)As segment. For high rf-powers (P rf > 10 dBm), the strong piezoelectric field also modulates the energy levels of the recombination centers, thus leading to (i) a broadening of the emission lines [compare the shape of the emission center at 870 nm in panels (d) and (e)], and (ii) carrier extraction from the QD-like centers in addition to carrier injection, and therefore to the quenching of the SAW-induced PL signal emitted by the (In,Ga)As region, cf. Fig. 5(f) . Figure 5 also shows weak lines within the GaAs segment with the same energy as the (In,Ga)As emission lines. The intensity and spectral width of these lines follow closely the ones irradiated from the (In,Ga)As segment for all acoustic powers. We attribute these lines to the guiding of the light generated at the (In,Ga)As segment through the GaAs region, which is transparent to the photon energies emitted by the recombination centers in the (In,Ga)As segment.
Among the emission lines displayed in Fig. 5 , the one at 870 nm [marked with a dashed circle in panel (a)] shows the strongest dependence on acoustic power. In addition, this center is also spectrally isolated from the others, thus making its selection easier using band pass filters. We have studied the emission properties of this line by means of time-resolved PL. For this purpose, the pulsed laser was triggered by a reference frequency, f laser , fulfilling the condition f laser = f SAW /8, and the emission intensity was recorded by an APD after rejection of the laser by a long pass filter and of other emission lines of the NW by a band pass filter centered at 870 nm with a FWHM of 10 nm. The curves in Fig. 6 represent time-resolved traces of the PL collected by our detection setup under the same excitation conditions as in Fig. 5(d) . Each trace corresponds to a different delay between laser pulse and SAW phase, which was settled by electrically delaying the laser trigger by t delay . For all traces, the photon emission takes place in the form of pulses whose repetition period corresponds to that of the acoustic wave, T SAW = 2.96 ns. Similar SAW-induced spatio-temporal dynamics of photogenerated electrons and holes was also recently observed in GaAs/AlGaAs core/shell NWs of polytipic type [43] . The number of emission pulses between two consecutive laser excitations in Fig. 6 agrees with our laser/SAW synchronization condition. This proves the role of the SAW in the transport of electronic charges towards the remote recombination centers. In our experiment, λ SAW = 11.67 µm, while the transport distance between the generation and the recombination point is barely 4 µm. As discussed in Ref. [44] , under these conditions the SAW-induced motion of the electronic carries in the NW becomes similar to the slide of a ball on an oscillating seesaw, with electrons and holes moving in opposite directions for a fixed SAW phase. In this way, the SAW transports electrons to the recombination center in one half cycle and holes in the subsequent half cycle. The persistence of the recombination pulses over times exceeding the laser repetition period, T laser = 8T SAW = 23.68 ns, is attributed to charge storage in the high density of trapping centers due to stacking faults and twins usually present in GaAs NWs [43, 60, 61] . These traps reduce the carrier mobility and thus hamper the acoustic transport efficiency.
To study the quantum properties of the (In,Ga)As recombination centers, we have measured the histogram of coincidence events [which is proportional to the second-order correlation function g (2) (τ )], of the photons emitted by the 870 nm line. To do this, we have replaced the APD by an HBT setup after the band pass filter in our optical detection system. First, we have analyzed the photon statistics when the (In,Ga)As segment is directly excited by the laser spot in the absence of SAWs. The corresponding histogram of coincidences is displayed in Fig. 7(a) . It shows a series of peaks with the periodicity of the laser, T laser (only three of these peaks are shown in the figure) . This is the typical shape expected for g (2) (τ ) under pulsed laser excitation [53] . According to quantum theory of light, the value of g (2) (0) is related to the number of photons simultaneously arriving to the HBT detection system, n, by the expression [62] :
We can estimate the value of g (2) (0) from our histogram of coincidences as the ratio:
Here, N(0) and N(T laser ) are the number of coincidence events measured at τ = 0 and |τ | = T laser , respectively, while N b is the background number of coincidences detected by the HBT system. In the case of Fig. 7 (a), g (2) (τ ) ≈ 1, which means that the emission line at 870 nm does not naturally behave as a source of single photons. We attribute this to the fact that the (In,Ga)As segment contains many quantum centers emitting simultaneously within the spectral window allowed by our band pass filter.
Figures 7(b)-(f) display the autocorrelation histograms of the 870 nm line under remote laser excitation at the GaAs NW core (same conditions as Figs. 5 and 6). For low SAW powers, cf. Fig. 7(b) , the shape of the histogram is similar to the one measured under direct laser excitation of Fig. 7(a) , but with a lower rate of coincidences. However, the number of photons simultaneously arriving to the HBT just after laser excitation is still large enough to prevent the observation of a clear anti-bunching signature As we further increase the rf-power applied to the IDT, the SAW-induced injection of electrons and holes towards the (In,Ga)As segment begins to take place. The consequence is the emission of light in the form of the SAW-induced peaks discussed in Fig. 6 , and the enhancement of the time-integrated intensity of the measured photoluminescence lines, cf. Fig. 5(d) . This is reflected in the autocorrelation histogram as follows: (i) an increase of the overall rate of coincidences with respect to lower SAW powers, and (ii) a change in the shape of the histogram, with the apparition of a series of new peaks fulfilling the SAW/laser synchronization condition T laser = 8T SAW . As in Fig. 6 , this is an evidence that the transport of the electronic carriers along the NW and their recombination at the (In,Ga)As region is mediated by the SAW piezoelectric field. More important, for the histograms measured under P rf = 6, 8 and 10 dBm, N(0) is clearly lower than N(T laser ), which means that g (2) (0) < 0. This is characteristic of photon anti-bunching and is a proof of the non-classical behavior of the emission centers under remote acoustic pumping of the electronic carriers.
Finally, at very large SAW powers, the strong piezoelectric field induces not only carrier injection into the QD-like centers, but also carrier extraction, thus quenching the SAW-induced photon bursts. As a consequence, the amplitude of the SAW-related peaks in the autocorrelation histogram reduces, and the intensity of the rate of coincidences decreases, cf. Fig. 7(f) , in agreement with the intensity decrease of the time-averaged photoluminescence lines discussed in Fig. 5(f) . Therefore, the anti-bunching signature disappears because the photon statistics is not dominated any more by the SAWinduced, not-classical photon emission.
We have summarized these observations in Fig. 8 , where we compare the dependence on acoustic power of the rate of coincidences at |τ | = T laser (red open squares), with the degree of anti-bunching, r c = 1−g (2) (0) (black solid circles), observed in Fig. 7 . Although the maxima of the two curves are slightly shifted, it is clear that high anti-bunching levels correlate well with an efficient SAW-induced transfer of the photogenerated electrons and holes from the excitation point towards the recombination centers.
To conclude this section, from the maximum measured degree of anti-bunching in Fig. 8 , r c = 0.1, and applying Eq. 1 into our definition of r c , we estimate that no less than n = 1/r c ≈ 10 photons per SAW period are simultaneously present in our detection system. Although this number is still too high for applications in single-photon sources, it can be reduced by diminishing the size of the collection area or the bandwidth of the spectral detection. The most promising approach, however, would certainly be the optimization of the growth conditions to create one single (In,Ga)As QD-like center at a well-defined position within the GaAs NW.
Conclusion
In summary, we have demonstrated the SAW-driven acousto-mechanical modulation of non-classical light emitted from a single GaN/(In,Ga)N nanowire QD. In addition to the fine-tuning of the excitonic transition energies (up to 1.5 meV) by the propagating SAWs, we have employed the spectral filtering combined with the stroboscopic detection technique to control the timing of the photon output. In this way, the SAW-driven dynamic spectral tuning reported here can be readily used to control the QD emission times and obtain triggered single photon sources operating at acoustic frequencies.
The piezoelectric potential of the SAW can also be used to transport photo-excited electrons and holes along a single GaAs nanowire and to inject carriers into an ensemble of (In,Ga)As recombination centers that are spatially separated from the excitation area. The carrier population and depopulation mechanism induced by the acoustic modulation limits the number of recombination events taking place simultaneously in the ensemble, thus allowing the emission of anti-bunched photon pulses with the repetition frequency of the surface acoustic wave.
